Idiopathic pulmonary fibrosis (IPF, also known as Idiopathic Usual Interstitial Pneumontis, pathologically) is a progressive diffuse lung disease which has a median survival rate of less than four years with a prevalence of 15-20/100,000 in the United States. Global function changes are measured by pulmonary function tests and the diagnosis and extent of pulmonary structural changes are typically assessed by acquiring two-dimensional high resolution CT (HRCT) images. The acquisition and analysis of volumetric high resolution Multi-Detector CT (MDCT) images with nearly isotropic pixels offers the potential to measure both lung function and structure. This paper presents a new approach to three dimensional lung image analysis and classification of normal and abnormal structures in lungs with IPF.
INTRODUCTION
Idiopathic pulmonary fibrosis (IPF) is a progressive diffuse lung disease characterized by complex structural changes, including inflammation of the alveolar walls and pulmonary interstitium, which results in regional fibrosis and restrictive impairment of lung function. Global measurements of lung function can be assessed by performing standard lung function tests, such as spirometry. Spirometry, exercise testing and other pulmonary function tests allow for global testing of the lung function and can show deviation from normal lung physiology. These test do not allow for anatomic quantification of the amount of normal and abnormal lung tissue, however. The fibrosis and restrictive morphological changes which cause the changes lung function may be observed in twodimensional HRCT images. Traditionally, due to imaging equipment limitations, HRCT images (approximately 1m thickness) were obtained non-contiguously. Although the resolution of 0.5-0.6mm in plane is sufficient to image small structures and abnormalities, these images were spaced every 10mm. The varying degrees of inflammation and fibrosis (which is higher density than air) in the lungs (that are nearly air density except for large vascular structures) results in complex high intensity patterns. These complex high intensity patterns are visually recognizable by radiologists and standardized terminology to describe these patterns in IPF has been developed, including named features such as "ground-glass opacities" (GGO), "honeycombing" (HC) and "irregular linear" or "reticular" pulmonary infiltrates. The ability to acquire HRCT images with sufficient resolution to visualize these abnormal patterns, their extent and distribution in the lungs has positively impacted the diagnosis and treatment of pulmonary diseases, including IPF.
Due to the highly subjective nature of visual diagnosis of these various complex pathological patterns, there is a high amount of inter and intra observer variability amongst radiologists attempting to classify and quantify these pathological patterns. In an effort to objectify, standardize and improve the repeatability of disease quantification, various pattern recognition approaches have been implemented. The nature of the pathological patterns inherent to lung diseases, such as IPF, lends itself to analysis through texture classification methods. Feature measurements such as gray level co-occurrence matrices, run length matrices, fractal analysis, histogram statistics, and Fourier spectrum energy measures, have been applied to traditional non-contiguous HRCT data in attempts to classify various types of tissue in the lungs.
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The effectiveness of these algorithms has been challenged by the varying sizes of the pulmonary pathology, including cysts or fibrous bands (i.e. texture elements), and by the presence of varying cross sections of normal anatomy (vessels or bronchi) which contain different sized elements and different orientations or normal structures in different parts of the lung cannot be consistently classified in 2D. Although an approximated localized identification and quantification of patterns is possible with texture analysis of HRCT images, a global quantification and analysis of pathologies is not possible, particularly since up to 90
Newer Multi-Detector Computed Tomography (MDCT) allows for volumetric isotropic high-resolution imaging of the chest with voxel sizes 0.5mm3 or less. We propose that global quantification of the extent of disease in IPF is possible with isotropic 3D volumetric lung data acquired with a Multi-Detector Computed Tomography (MDCT) high resolution imaging system and utilization of automated 3-dimensional analysis to detect and quantify texture patterns.
METHODS

Data Acquisition
A patient with moderate IPF was scanned for clinical purposes on a Lightspeed 8-detector GE Medical Systems CT scanner in helical mode with 8 x 1.25mm detector configuration at a pitch of 1.35 utilizing 140kVp and approximately 250mAs. Images were reconstructed with 1.25mm slice thickness in a high-frequency sparing algorithm (BONE) with 50% overlap and a 512 x 512 axial matrix, producing approximately 0.625mm3 isotropic voxels.
Segment Lungs
The lungs are segmented using adaptive density-based morphological operations including thresholding, regiongrowing,and void filling within the image analysis software library AVW, developed in the Biomedical Imaging Resource at the Mayo Clinic. 9 The trachea and its central bronchial branches are extracted from the volume by 6 or 8 neighbor region growing using different threshold levels to exclude emphysema regions. The lungs are identified in the volume by determining an optimal density threshold and a hole-closing process. 10 Central region of each lung is defined as being within a sphere of a 5cm radius, with center manually placed by a radiologist on the pulmonary hilum, where it enters the lung. The periphery is defined as the remaining lung external to central region, extending to the lung boundary. Figure 1 illustrates the segmented lungs.
Pre-Process Lungs
The lungs are then processed with a directionally dependent 'sticks' filter to accentuate linear features and fibrotic reticular patterns common to lungs with IPF. The 'sticks' filter is within the image analysis software package Analyze.
Feature Measurement
The features listed in Table 1 were computed on regions of 6voxels 3 which for this dataset is a window of approximately 3.75mm 
Central Region
Right and Left Central Table 1 2.
Classification
Two sets of classification experiments were performed. The goal of the first one, detailed in Section 2.5.1 was to explore the discriminability of the features calculated for each region of interest (ROI). The goal of the second one, detailed in Section 2.5.2 was to compute the features on each of the ROIs and classify the lungs based on anatomic location.
Analysis of Regions of Interest
First the lungs are separated into peripheral and central regions as described by Table 1 and Figure 1 . Next, expert selected regions of interest (ROI) are collected, including: Normal and abnormal peripheral regions and Normal and abnormal central regions. Then the features listed in Table 2 are computed on 6voxels 3 windows of each ROI. Principle component analysis is then performed on features to reduce feature space and the two largest principle components are kept. Three classifiers are trained and tested, including: 10 Nearest Neighbor Classifier, Fisher Linear Discriminant Analysis, Parzen Window. The error analysis of the classifiers is measured by a hold-out analysis; half of the data is used to train the classifiers and the other half is used to test the classifiers.
Classification of Lungs
The training phase consisted of computing features on expert selected ROIs. The ROIs were grouped into four regions based on location: upper peripheral region, middle peripheral region, lower peripheral region, central region; and a normal and abnormal ROI was selected for each of the four regions. The four classifiers were developed, one for each of the regions. The features listed in Table 2 were computed on 6voxels
3 windows for each of the ROIs. Next, feature selection was performed by information-based selection (IBS) to reduce the dimensionality of the feature space. 11, 12 Ten out of the twenty features were kept for each region. The testing phase consisted of computing the features listed in Table 2 on 6voxels 3 windows of each lung regions listed in Table 1 . Then the RUP and LUP were classified by the upper peripheral trained 10-NN classifier; the RMP and LMP were classified by the middle peripheral trained 10-NN classifier; the RLP and LLP were classified by the lower peripheral trained 10-NN classifier; the center was classified by the center trained 10-NN classifier. 
EXPERIMENTS AND DISCUSSION
Analysis of Regions of Interest
This first set of experiments is an attempt to delineate the distinction between normal and abnormal tissue in the periphery and central regions. Three classification schemes were tested. The features listed in Table 2 were computed into 6voxels 3 windows. Dimensionality reduction of the feature space was performed by principal component analysis for all three schemes. The two principle components with the largest Eigen values were used as the features. The three classifiers tested included: a 10 nearest-neighbor classifier, a Fisher linear discriminant classifier, and a parzen window classifier. The PR Tools Matlab toolbox was used for the classification experiments.
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The results of a holdout error estimation method are listed in Table 3 and the results of the 10-NN Classifier are depicted in Figure 2 . The first goal of this paper is to include domain specific knowledge into the classification of abnormal and normal regions in a lung with IPF. Tests 1 and 2 show that the anatomical differences between the periphery and center regions of the lung can be statistically measured through texture analysis. The results of test1 suggest that there is a difference between normal samples in the periphery and central regions. This is due to the morphological differences of the normal broncho-vascular tree as it extends from the center to the periphery. The results of test 2 suggest that there is not ad much difference between abnormal regions in the periphery versus central regions as would be expected due to the fibrotic patterns masking most of the inherent differences of the normal broncho-vascular structure which could be measured statistically. Tests 3 and 4 show that normal versus abnormal regions are statistically different. However, there exists more of difference between the two classes in the periphery versus the central regions. The normal central regions contain more high attenuating features due to the larger diameters of vessels which need to be accounted for. 
Classification of Lungs
This experiment delineates the second goal of this paper, which is to show that three dimensional texture metrics can be applied to 3D data of the lung and used to classify normal and abnormal regions in the lung. This classification can only be subjectively evaluated. Since we do not have a complete 3D dataset which could be compared to a 'gold standard' of normal and abnormal regions based on a pathological dissection of the lungs, the accuracy of the detection can only be assessed by subjective comparison to that which a trained radiologist can visually confirm.
Training
The number of training samples used for each normal and abnormal region and the features selected by information based feature selection are listed in Table 4 .
Visual Assessment of Classification
Figures 3 through 6 depict volume renderings of the classified lung into normal (light or magenta) regions and abnormal (dark or blue) regions. It is visually apparent that misclassifications exist. Misclassifications around the lung border is apparent. The nature of the two class hard classification algorithm did not take into account samples along the volume border which may contain partial amounts of background. A second source of a large portion of misclassification results from the center region's classification. Notice in Figure 5 , the lower part of the central region is visually abnormal yet classified as normal. The higher propensity for misclassification in the central region was suggested in the analysis of region of interest experiment, where it was shown that the difference between normal and abnormal regions in the center region of the lung was not as significant as in the periphery. This is due to the presence of normal broncho-vascular structure with larger dimensions which are also higher attenuating structures, similar to the abnormal fibrotic and honeycombing type patterns. This could also be partially due to exclusion of the trachea and larger bronchi from this central volume, which are not extracted peripherally since they are too small to follow in most cases with our connected-parts method. The classifiers may work better or more consistently between the central and peripheral zones if you don't remove the trachea and bronchi from the volume. 
Quantification of Classification
The volume of classified normal tissue and abnormal tissue for each lung region and for both lungs is listed in 
Conclusions
The complex morphological changes in lungs due to involvement by IPF can by assessed by a radiologist and subjectively estimated; however, it a difficult to quantify through density-based thresholding or simple texture measures, since varying grades of the disease produce a variety of complex 3-dimensional architectural changes in the lungs. The goal of our work is to detect fibrotic type patterns in early to moderate IPF and quantitatively determine the regional distribution and relative volume of pulmonary fibrosis to normal parenchyma in the lungs. This paper serves as a proof of concept and presents a new approach to three dimensional tissue analysis of normal and abnormal structures in lungs with IPF. The incorporation of domain knowledge is paramount to any classification scheme. Three dimensional isotropic CT images of the lungs allow for the identification of the normal broncho-vascular structures, which adds to the knowledge of an automated classifier and could lead to superior detection, characterization and quantification over 2-D texture measures. Segmentation of the normal broncho-vascular structure amidst the fibrosis is not feasible. However, it can be said that the normal bronchovascular structure in the periphery is statistically different from the normal broncho-vascular structure in the central region of the lung due to their branching patterns. This type of knowledge was presented in this paper and a classification based on this domain knowledge was performed as a proof of concept. The classifications of the volumetric dataset can not objectively be evaluated due to the lack of a completely segmented dataset. We are currently in the process of creating such expert segmented datasets. Additionally, the quantification of the amount of normal versus abnormal lung tissue in lungs with IPF was presented for the first time. This type of quantification allows for both a local and a global analysis to the amount of disease present. Such measurements would prove to be very important to the diagnosis and treatment of the patient.
